Recent reports of natural paratuberculosis (or Johne's disease) in rabbits, foxes, and stoats has focused debate on the presence and importance of wildlife reservoirs in the epidemiology of this disease. This paper describes an extensive study investigating 18 nonruminant wildlife species for evidence of paratuberculosis. Using both culture and histopathological analysis, fox, stoat, weasel, crow, rook, jackdaw, rat, wood mouse, hare, and badger were found to harbor Mycobacterium avium subsp. paratuberculosis, the causative organism of paratuberculosis, suggesting that the epidemiology of this disease is more complex than previously realized.
Paratuberculosis, or Johne's disease, is a chronic enteritis of ruminants caused by Mycobacterium avium subsp. paratuberculosis. The disease is found worldwide and causes considerable economic loss to affected farms and industries. In one study it was estimated that paratuberculosis costs the U.S. dairy industry alone 200 to 250 million dollars annually (29) . Paratuberculosis in Scotland is of growing importance, due to the increasing incidence of the disease in domestic livestock, especially cattle (1) , and possible zoonotic links with Crohn's disease (36) .
The bacterium is passed from animal to animal by the fecaloral route. Young animals (less than 30 days old) are most susceptible to infection, although clinical disease is apparent only after a long incubation period of 2 to 3 years. There is no effective treatment for paratuberculosis, and current control measures rely upon prompt culling of infected animals and preventing the introduction of the disease into uninfected herds and flocks. Control and eradication programs for paratuberculosis are hampered by difficulties in the diagnosis of the condition, especially during the long subclinical stage of the disease, and the lack of an accurate understanding of the epidemiology of paratuberculosis.
The existence and importance of wildlife reservoirs of M. avium subsp. paratuberculosis is still undetermined. Natural paratuberculosis infection has been well documented in wild ruminants, including white-tailed deer (Odocoileus virginianus) (7) , red (Cervus elaphus) and roe (Capreolus capreolus) deer (33) , bighorn sheep (Ovis canadenis) (39) , tule elk (Carvus nannodes) (17) , and bison (Bison bison) (5), but there have been few investigations examining nonruminant wildlife for the presence of M. avium subsp. paratuberculosis. Until recently, it was accepted that the natural host range of M. avium subsp. paratuberculosis was restricted to ruminant species, with infection of nonruminant species possible only under experimental conditions, for example, in rabbits (25, 26) , lemmings (20) , hamsters (14) , guinea pigs (10), and mice (13) . However, recent investigations in Scotland have indicated that the host range is broader than this, with reports of natural M. avium subsp. paratuberculosis infection of free-living rabbits (11, 12) , foxes and stoats (2) . If present, sylvatic cycles of M. avium subsp. paratuberculosis may undermine control and eradication programs and facilitate farm-to-farm spread of this disease.
The aim of this study was to screen a wide range of wildlife species from a paratuberculosis-affected area in Scotland and examine them for evidence of M. avium subsp. paratuberculosis infection. Carnivores, including foxes, stoats, and weasels, as well as carrion-eating birds and rodents, were found to harbor the organism, suggesting that M. avium subsp. paratuberculosis has a much wider natural host range than previously suspected.
MATERIALS AND METHODS

Collection of samples.
A total of 591 samples, from 18 species, were collected from August 1998 to October 1999 from four farms and adjacent properties in eastern Scotland: two in Angus and two in the Perth and Kinross regions. All four farms had a history of moderate-to-high levels of paratuberculosis in cattle and rabbits, and one also had confirmed cases of paratuberculosis in sheep. All farms were greater than 20 km apart from each other and thus were considered independent. Most samples were collected as part of vermin control programs conducted by landowners. The hares, pheasants, and badgers were road casualties, while the buzzard died after it collided with electricity power lines. Post mortem examination was conducted within 12 h of collection, except with a small number of cases where a delay of up to 24 h was unavoidable. A small number of samples (mainly stoats) were stored frozen and thus excluded from histopathological analyses. The abdomen was the only body cavity opened on post mortem, and the following samples were taken for both culture and histopathology: duodenum, ileum, cecum, colon, and mesenteric lymph node (MLN). A sample of liver was also included for histopathological examination. Due to the sizes of MLNs in small mammals and birds, collection of this tissue was not always possible. A sample of feces was taken from 27 foxes, 12 crows, 2 wood mice, 3 hares, 6 stoats, 7 rats, 12 sparrows, 1 buzzard, and 1 rook for culture. Urine was collected and cultured from 13 foxes.
Histopathology. Samples were fixed in 10% formal saline for a minimum of 24 h and then trimmed, dehydrated through graded alcohols, and embedded in paraffin wax. Five-micrometer-thick sections were cut and stained with hematoxylin and eosin for routine histopathological examination and to test for acid-fast bacilli (AFB) by the Ziehl-Neelsen (ZN) method. Samples from 24 stoats, 12 rats, 1 fox, and 1 badger were not processed for histopathology due to advanced autolysis of the tissues.
Culture and PCR. Gut and MLN samples (where possible) and fecal samples were cultured as described earlier (11) . After homogenization and decontamination, samples were inoculated onto two slants of Middlebrook 7H11 agar supplemented with 20% (vol/vol) heat-inactivated newborn calf serum, Selectatabs (amphotericin B, polymixin B, carbenicillin, and trimethoprim; code MS 24; MAST Laboratories, Ltd., Merseyside, United Kingdom), 10% Middlebrook oleic acid-albumin-dextrose-catalase enrichment medium (Difco, Surrey, United Kingdom), and 2 g of mycobactin J (Allied Monitor, Fayette, Mo.) per ml. The cultures were incubated at 37°C for up to 16 weeks and examined regularly for bacterial growth. The majority of tissues were pooled for each animal, with the exception of those of 17 foxes and 25 stoats, for which MLN and intestine samples were cultured separately. Urine samples were centrifuged at 3,800 ϫ g for 30 min at room temperature, and the deposit was resuspended in 10 ml of 0.75% hexadecyl pyridinium chloride. This suspension was left to stand at room temperature overnight, and then the supernatant was processed as for feces and tissue.
Using a PCR-based detection method, all mycobacterial isolates were screened for the presence of the species-specific IS900 insertion sequence. This DNA sequence is found only in M. avium subsp. paratuberculosis (37) . Briefly, 200 l of sterile distilled water was inoculated with a single bacterial colony from each positive culture. The mycobacteria were lysed using a Hybaid (Ashford, United Kingdom) ribolyzer at 5.5 m per second for 20 s, with cooling on ice before and after treatment. The DNA was extracted using guanidine hydrochloride as described previously (6) . Five microliters of DNA was analyzed using a PCR-enzyme-linked immunosorbent microplate assay (K. Stevenson et al., unpublished data). Briefly, PCR was carried out using primers 90 and 91 as described previously (11) , except that primer 91 was biotinylated. The PCR products were captured on streptavidin-coated microplates after heat denaturation and hybridization to a 2,4-dinitrophenyl-labeled oligonucleotide probe complementary to the amplified sequence. Amplified products were detected using peroxidase-conjugated rabbit anti-2,4-dinitrophenyl antibody and O-phenylenediamine dihydrochloride. Optical densities at 450 nm were obtained using a standard laboratory microplate reader.
RESULTS
A total of 591 animals, representing 18 different species, were collected and examined (Table 1) . M. avium subsp. paratuberculosis was grown from the tissues of 90 animals, and histopathological lesions consistent with a diagnosis of M. avium subsp. paratuberculosis infection were noted in 19 animals.
Culture. Of a total of 591 animals submitted for culture, M. avium subsp. paratuberculosis was grown from the tissues of 90, representing 10 of the 18 species examined: fox, stoat, weasel, crow, rook, jackdaw, rat, wood mouse, hare, and badger (Table  2) . Positive fecal cultures were obtained from fox, stoat, crow, rook, and wood mouse ( Table 2) . None of the 13 fox urine samples cultured were positive for M. avium subsp. paratuberculosis (Table 3) .
Histology. Tissues from 548 animals were examined histologically. Nineteen samples from the following five species showed lesions consistent with M. avium subsp. paratuberculosis infection: fox, stoat, weasel, crow, and wood mouse. There were similarities noted in the pathologies of the carnivores (foxes, stoat, and weasels). Small numbers of large macrophage-like cells were noted in the MLN and mucosa-associated lymphoid tissue (MALT) of the gut (Fig. 1) . These cells were most commonly found around the periphery of the MALT or in the interfollicular area of the cortex of the MLN. They formed a small granuloma consisting of 10 or fewer cells or were identified as single cells interspersed among the lymphocytes. A small number of AFB were identified in the cytoplasms of some of these macrophage-like cells. As few as one AFB was identified in a section.
AFB were found in one crow, one wood mouse, and one bank vole. The lesions noted in the crow were slight: one section of gut contained AFB-positive cells scattered throughout the lamina propria. Only rarely were there more than five AFB seen in the cytoplasms of these cells. The liver of the crow contained numerous heterophilic granulomata which were invariably AFB negative. The lesions in the wood mouse consisted of numerous AFB-containing macrophage-like cells, both as single cells and as cells in granulomata, scattered throughout the cortex of the MLN. A small number of AFB- positive cells were also noted in the villi of the small intestine. In the bank vole there was extensive and widespread infiltration of the liver parenchyma with numerous granulomata containing macrophages. The cytoplasms of these macrophages contained many AFB. A small number of similar AFB-positive granulomata were noted at the base of the intestinal villi. The AFB were judged to be more elongated than those seen in the carnivores (Fig. 2) .
DISCUSSION
Evidence of natural M. avium subsp. paratuberculosis infection was demonstrated in a wide range of wildlife species on paratuberculosis-infected farms in eastern Scotland. M. avium subsp. paratuberculosis was isolated from the tissues of fox, stoat, weasel, crow, rook, jackdaw, rat, wood mouse, hare, and badger. Histopathological lesions consistent with M. avium subsp. paratuberculosis infection were noted in tissues from fox, stoat, weasel, crow, and wood mouse. This survey is the first report of natural M. avium subsp. paratuberculosis isolation from weasel, crow, rook, jackdaw, rat, wood mouse, and badger and provides further details of the initial fox and stoat M. avium subsp. paratuberculosis infections previously reported (2) .
This investigation provides strong evidence of enzootic natural M. avium subsp. paratuberculosis infection of foxes.
Eighty-five percent of foxes examined showed evidence of M. avium subsp. paratuberculosis infection. Histopathological lesions were consistent with infection by a slow-growing mycobacterial species, such as M. avium subsp. paratuberculosis. All positive histopathological results, except one, were accompanied by culture of M. avium subsp. paratuberculosis from corresponding tissues (Table 3) , supporting the hypothesis that the AFB identified in the MALTs and MLNs of the foxes were M. avium subsp. paratuberculosis.
The isolation of M. avium subsp. paratuberculosis from the lymph nodes of the fox and stoat ruled out the possibility that the positive tissue cultures were due to recently ingested infected tissue in the lumen of the intestine. The positive lymph node cultures and associated histopathological changes suggest that carnivores may be chronically infected with M. avium subsp. paratuberculosis and that the organism resides in macrophage-like cells in the lymphoid tissue of the gut, characteristics similar to those of early, subclinical infections described for ruminants (30) .
Reports of mycobacterial infection in free-living canid species are rare. Bruning-Fann and coworkers (4) (2). Natural M. bovis infection has been reported in feral ferrets (Mustela furo) (22) and stoats (9) . The pathology noted in the foxes, weasels, and stoats was subtle in comparison to the lesions seen either in advanced ruminant paratuberculosis (8) or in severely infected rabbits (2a), where much more extensive chronic inflammatory changes were seen with far greater numbers of AFB. It is not clear whether the carnivorous species examined in this report eventually develop similar extensive granulomatous lesions or whether they are able to control the multiplication of M. avium subsp. paratuberculosis and limit infection to small areas in the lymphoid compartments of the intestine.
The source of M. avium subsp. paratuberculosis infection in the carnivores in this survey is still a matter of conjecture. The natural diets of foxes, stoats, and weasels includes rabbits and small rodents (21) (18), suggesting that the infected rabbit population on the farms was the most likely source of M. avium subsp. paratuberculosis infection of carnivores, rather than infected ruminants. Foxes ingest only small amounts of soil in their diet (3), so environmental contamination is unlikely to be the major source of M. avium subsp. paratuberculosis organisms. Thus, it may be that M. avium subsp. paratuberculosis infection of carnivores is reliant on a sylvatic cycle of M. avium subsp. paratuberculosis in the rabbit population.
Badgers are known to eat mammals, including rabbits (28) . Two badgers were examined in this survey, but only one was collected from within the sample area. This animal was negative on culture, and the tissues were too autolyzed for histopathological examination. The second badger was taken from an area approximately 80 miles northeast of the study area and within 5 miles of a farm whose animals were known to be infected with paratuberculosis. It was positive on culture for M. avium subsp. paratuberculosis but negative by histopathology. However, more extensive examination of the tissues was hampered by advanced autolysis. Badgers in the southwestern portion of the United Kingdom are naturally infected with M. bovis and may play a crucial role in the epidemiology of bovine tuberculosis (16, 19) . In light of the suspected role of badgers in bovine tuberculosis, natural infection of badgers with M. avium subsp. paratuberculosis deserves further investigation.
M. avium subsp. paratuberculosis was isolated from tissues of a number of species which had few or no corresponding lesions noted on histopathological examination. These species included crow, rook, jackdaw, rat, wood mouse, and hare (Table  2 ). This discrepancy may indicate passive transmission and dissemination of ingested M. avium subsp. paratuberculosisinfected material through the gastrointestinal systems of these species. Large numbers of AFB were noted in the liver, gut, and lymph node of a bank vole, but no M. avium subsp. paratuberculosis organisms were grown from the tissues. The particularly extensive liver lesions were not consistent with a diagnosis of paratuberculosis. If we considered the negative culture result, it is probable that the AFB seen were not M. avium subsp. paratuberculosis but another acid-fast species.
While M. avium subsp. paratuberculosis infection of freeliving avian species has not previously been reported, they are susceptible to slow-growing mycobacterial species. Naturally occurring avian M. avium complex infections have previously been reported (27, 31, 32, 34, 35) . The M. avium subsp. paratuberculosis-positive birds in this survey (crows, rooks, and jackdaws) are carrion eaters (24, 38) and sheep are housed is a possible route of transmission to the rodents.
No evidence of M. avium subsp. paratuberculosis infection was noted from house mice, feral pigeons, wood pigeons, house sparrows, field voles, pheasants, or a buzzard. Only a few pheasants, field voles, and one buzzard were examined; therefore, it is not possible to make any firm conclusions about the role of these species in the epidemiology of paratuberculosis.
The discovery of M. avium subsp. paratuberculosis in the feces of a wide range of wildlife species suggests that the greatest risk of transmission to cattle and sheep comes from the fecal contamination of feedstuffs and drinking water. All species which were found to be infected with M. avium subsp. paratuberculosis are known to have the potential to contaminate either stored feed (rodents and birds) or pasture (carnivores).
Conclusion. There is evidence that wildlife in Scotland are naturally infected with M. avium subsp. paratuberculosis and that the host range is much wider than previously thought. The positive fecal cultures from foxes, stoats, crows, rooks, rats, and wood mice suggest that environmental contamination with M. avium subsp. paratuberculosis can occur and can thereby pose a risk to grazing livestock and farms adjoining paratuberculosis-infected properties. Further investigations are required to clarify the role of wildlife in the epidemiology of this important disease.
